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The rectal gland of Squalus acanthias: A model for the transport of
chloride. The rectal gland of the spiny dogfish shark, Squalus acanthias,
secretes chloride by a furosemide sensitive process that has been termed
"secondary active." Chloride enters the cell across the basolateral cell
membrane via the sodium:potassium:2 chloride cotransporter. The energy
for this electroneutral uptake step is provided by the electrochemical
gradient for sodium directed into the cell. This is maintained by Na-K-
ATPase present in the basolateral cell membrane. Present as well in the
basolateral cell membrane is a potassium conductance that permits
potassium to exit passively. Chloride leaves the cell across the luminal
membrane via a chloride conductance closely similar to CFTR. The rectal
gland is thus a model for the mechanism of secondary active chloride
transport utilized by various epithelial organs throughout the vertebrate
kingdom. This report reviews the humoral agents that regulate the
secretion of chloride by the rectal gland and the intracellular mechanisms
that mediate it. CNP, released from the heart in response to a volume
stimulus, causes the release of VIP from nerves within the gland and
together with VIP directly activates the rectal gland cell.
The emergence of multicellular organisms required that the
volume and composition of their internal fluids, the "milieu
interieur" of Claude Bernard, be maintained constant. Through-
out evolution an abundance of physiologic mechanisms have
developed to protect this "milieu interieur" from threats to its
volume and composition. Marine fish are confronted with the dual
challenge of preserving the volume and composition of their
extracellular fluids from the high osmolality and salt concentra-
tion of the sea in which they swim. Elasmobranchs meet the
challenge of the high osmolality of the ocean by raising the
osmolality of their extracellular fluids above that of the sea thus
avoiding dehydration. They do so by synthesizing and retaining
urea [1]. The threat presented to the salt concentration of their
extracellular fluid by the large surfeit of salt in the sea is not so
easily faced. H.W. Smith, in a paper published in 1931, concludes
that the kidneys of elasmobranchs are not the only means of
excreting salt:
"But the elasmobranch also excretes salt extrarenally; and we may
inquire, is this extra renal excretion in any measure "hypertonic, "as is
the case of the teleost, and therefore of a nature to liberate water for
the formation of urine? We cannot answer this question directly from
the nature of the urine because the urea cycle in itself furnishes water
for the formation of a hypotonic urine. But as indirect evidence, we
call attention to the Mg:Cl ratio in the urine. For it is typical of
marine elasmobranchs that, as compared to sea water itself there is
relatively more Mg in the urine than there is Cl. Since considerably
more Cl is absorbed than Mg (from the intestine), this fact shows that
Cl has been excreted by an extrarenal route; and the excretion of Cl
from a level of 270 m'vi. per liter in the blood to a level of 500 mM. per
liter in sea water represents a process of osmotic work, and, in
principle, a process that would leave water behind in the blood,
"osmotically free"for the formation of a dilute urine [1]."
Smith did not indicate in that report the organ that was
responsible for the extrarenal excretion of salt in elasmobranchs.
Much later, in his book From Fish to Philosopher, in the revised
and enlarged edition of 1959, he relates the demonstration by
J. Wendell Burger of secretion of salt by the rectal gland of the
Squalus acanthias. Smith also notes that" . . . the rectal salt'gland
of the dogfish [is] analogous to the nasal 'salt' [gland] of the marine
bird and reptiles" [2]. The physiology of the latter was described
earlier in cormorants by Schmidt-Nielsen, Jorgensen and Osaki [3].
The identification by Burger and Hess of the rectal gland as the
organ responsible for the extrarenal secretion of salt in elasmo-
branchs opened the door to the study of the salt homeostasis of
the elasmobranchs [4]. The discovery by Stoff et al that the
secretion of the rectal gland is stimulated by cyclic AMP or
theophylline laid the foundation for the study of the mechanism of
chloride transport and its regulation [5]. In isolated perfused
rectal glands stimulated with cyclic AMP and theophylline the
secretion of chloride by the gland is inhibited by ouabain and
furosemide, and is dependent on the sodium, chloride and
potassium concentration in the perfusate [6—8]. Based on this
evidence a mechanism for the transport of chloride was proposed
in which the uptake of chloride across the basolateral cell
membrane is mediated by a sodium-chloride cotransporter. The
energy for this uptake is provided by the sodium gradient directed
into the cell and maintained by Na-K-ATPase [6]. Figure 1 shows
the current model for the secretion of chloride by the rectal gland.
Chloride enters the cell across the basolateral cell membrane via
the sodium:potassium:2 chloride cotransporter. The energy for
this electroneutral uptake step is provided by the gradient for
sodium directed into the cell. A potassium conductance is present
in the basolateral membranes permitting potassium to recirculate.
Chloride leaves the cell across the luminal membrane via the
chloride conductance CFTR. Thus, the transport of chloride by
the rectal gland is similar to that of other chloride transporting
cells present in vertebrate organisms.
Regulation of chloride secretion by the rectal gland
Stimulation
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Volume expansion. The observation by Burger that the intra-
aortic infusion of hypertonic or isotonic solutions could increase
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Fig. 1. Model for the secretion of chloride in the
rectal gland. Chloride enters the cell across the
basolateral cell membrane via the
sodium:potassium:2 chloride cotransporter. The
energy for this electroneutral uptake step is
provided by the gradient for sodium directed
into the cell. The gradient for sodium is
maintained by Na-K-ATPase present also in the
basolateral cell membrane. Also present in the
basolateral cell membrane is a potassium
conductance that recirculates the potassium.
Chloride leaves the cell across the luminal
membrane via the chloride conductance CFTR.
the secretion by the rectal gland prompted him to postulate that
the secretion was regulated by an unknown hormone [9]. This
observation was repeated and extended in a series of elegant
experiments by Solomon. Using an isolated rectal gland cross-
perfused with the blood from a live dogfish, he demonstrated that
volume expansion of the donor fish increased chloride secretion
by the cross-perfused gland, indicating that a humoral substance
mediated the effect of the expansion [10]. It was further demon-
strated that the stimulus that evoked the secretion of chloride by
the gland was not a change in extracellular tonicity but an increase
in extracellular volume [11, 12].
Vasoactive intestinal peptide. Additional evidence that the rectal
gland was under hormonal control was the earlier demonstration
by Stoff that the rectal gland of the shark could be stimulated to
secrete chloride by either theophylline or cyclic AMP (Fig. 2). Of
all the hormones initially studied only vasoactive intestinal pep-
tide (VIP) was capable of stimulating the secretion of chloride by
the gland [13]. The half maximal concentration for VIP was 3 X
10—8 M when infused as a one minute bolus into the rectal gland
artery and 5 X 10— 10 M when given as a constant infusion.
Hormones closely related to VIP were at best as potent and at
worst not active at all [13—15]. VIP increased the accumulation of
cyclic AMP in slices of the rectal gland, indicating that it activates
adenylyl cyclase in this organ [13]. A disappointing aspect of the
role of VIP was the observation that the circulating levels of VIP
in the plasma of the shark did not change in response to volume
expansion by the intraortic infusion of a hypertonic solution or by
the intragastric administration of similar solutions [16]. Thus a
link between the stimuli for chloride secretion, volume expansion,
and its putative effector, VIP, could not be established.
Adenosine. Adenosine, another agent capable of stimulating
adenylyl cyclase, was also found to stimulate the secretion of
chloride by the rectal gland [17-49]. Although adenosine can be
found in the circulation of the dogfish in the venous effluent from
the rectal gland, its concentration does not reach the levels,
>10 M, necessary to stimulate the secretion of chloride. Rather,
the role of adenosine in the secretion of chloride by the rectal
gland appears to be that of an autacoid inhibitor. Transport
activity of the gland induces the breakdown of ATP to adenosine
that, in the extracellular fluid, activates inhibitory adenosine
receptors on the cell membrane [20, 21].
Natriuretic peptides. The discovery by de Bold of atrial natri-
uretic peptide in the heart that was secreted in response to a
volume expansion [22, 23] suggested that a similar hormone may
be operating in the shark. The infusion of synthetic rat atrial
natriuretic peptide (rANP) consistently evoked an increase in
chloride secretion by the rectal gland both in vivo and in vitro [24].
Electronmicroscopic studies of the shark heart showed the pres-
ence of secretory granules both in the atria and in the ventricle
[24], which cross-reacted with immunofluorescent markers for
ANP [25]. Boiled, buffered extracts of shark atria and ventricle
evoked chloride secretion by the rectal gland [24]. Furthermore,
after volume expansion, extracts of plasma contain a peptide
which reacts with antibodies raised against human ANP and these
extracts stimulate rectal gland salt excretion in vitro [24]. Immu-
noreactive natriuretic peptide activity is detectable in shark
plasma using commercial antibodies against human ANP and
these levels increase during acute volume expansion [26]. These
observations suggested that in the shark, volume expansion was
associated with the release of ANP from the heart that then
stimulated the secretion of chloride by the rectal gland. Several
observations, however, did not support this conclusion. First, the
magnitude of the secretion of chloride evoked by rANP was
significantly lower than that of equimolar concentrations of VIP
[24]. This could be due to differences between rANP and the ANP
indigenous to the shark, but it might mean that ANP was not the
major hormone that stimulated chloride secretion by the gland.
Second, the intracellular second messenger for rANP in vascular
smooth muscle and other tissues is cyclic GMP, but the adminis-
tration of cyclic GMP to isolated perfused rectal glands did not
evoke a secretory response [27]. Third, rANP did not stimulate
oxygen consumption in isolated rectal gland cells. The failure of
rANP to stimulate oxygen consumption might have been due to
damage to the receptor during the enzymatic digestion used to
isolate the cells. However, the same isolated rectal gland cells
responded to VIP and adenosine, indicating that the receptors for
these molecules were preserved and requiring that the rANP
receptor was exclusively and specifically damaged [28]. Fourth,
the stimulatory effect of rANP in perfused glands could be
completely prevented by procaine, which inhibits nerve conduc-
tion and neurotransmitter release, as well as by other maneuvers
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Fig. 2. Effect of theophylline and dibuly,yl cyclic AMP on chloride secretion
by the rectal gland. The administration of theophylline, 5 mM (0), evokes
a marked increase in the secretion of chloride. The infusion of dibutyiyl
cyclic AMP, 100 !LM (•) resulted in a 40-fold increase in chloride
secretion. These are the first two experiments in which Stoff showed the
effects of these agents. The graph is redrawn from the original data
previously reported (Stoff JS, Silva P, Field M, Forrest J, Stevens A,
Epstein FH: Cyclic AMP regulation of active chloride transport in the
rectal gland of marine elasmobranchs. J Exp Zool 199:443—448, 1977).
that inhibit neurotransmitter release [27]. None of these maneu-
vers prevented the effect of VIP. Taken together, these observa-
tions indicated that rANP did not stimulate the rectal gland cell
directly, and suggested that a neurotransmitter was released from
nerves within the rectal gland in response to rANP that stimulated
the gland to secrete chloride.
Evidence for neural participation in the secretion of chloride by
the rectal gland had already been reported. Veratridine, which
depolarizes nerves, when infused close to the heart of the shark
stimulated the secretion of chloride by the rectal gland in situ [29].
In isolated perfused rectal glands veratridine or veratrine also
stimulated the secretion of chloride, and procaine inhibited its
effect [30]. Furthermore, veratrine, like rANP, was not capable of
stimulating oxygen consumption in isolated rectal gland cells [30].
VIP-like immunoreactivity is present in neuronal tissue within the
rectal gland [30—32]. These fibers are present throughout the
parenchyma of the gland, in close apposition to the tubules and
frequently terminate on the basal sides of the cells [32]. ANP,
heart atrial and ventricular extracts, and veratrine stimulation
cause the release of immunoreactive VIP into the venous effluent
of perfused glands [27, 30]. Thus, ANP had an unexpected mode
of action: it caused the release of VIP from nerves within the
gland, and it was VIP that stimulated the rectal gland cell to
secrete chloride.
The identification of C-type natriuretic peptide (CNP) as the
natriuretic peptide present in Scyliorhinus canicula by Susuki et al
and in Squalus acanthias by Schofield et al [33, 34] allowed the
study of the effect of the native shark peptide on the secretion of
chloride by the rectal gland. Squalus acanthias CNP is a potent
stimulator of chloride secretion by the rectal gland [351. Its dose
response curve is similar in potency to that of VIP; it is equal in
potency to killifish CNP, and more potent than human CNP (Fig.
3). Based on the response to truncated and substituted forms of
CNP it was determined that the amino terminal end of the
molecule was of functional significance, particularly the arginine
Fig. 3. The effect of three different C-type natriuretic peptide molecules on
the secretion of chloride by isolated perfused rectal glands, S. acanthias CNP
(5CNP; •), Fundulus heteroclitus CNP (kCNP; E), and human CNP
(hCNP; •). All three peptides were given intra-arterially, as boluses, over
a period of one minute, in amounts calculated to provide the desired final
concentration to the gland. Both sCNP and kCNP have similar effects and
differ in 4 amino acids, 3 in the amino terminal end and 1 in the ring
structure. Human CNP is an order of magnitude less potent and also
differs from sCNP by 3 amino acids in the amino terminal end and 1 in the
ring structure. These data are redrawn from the original data previously
reported (Solomon R, Protter A, McEnroe G, Porter JG, Silva P: C-type
natriuretic peptides stimulate chloride secretion in the rectal gland of
Squalus acanthias. Am J Physiol 262:R707—R711, 1992).
in position 4. In addition, the leucine in position 9 within the ring
of the molecule also appears to be functionally important [35].
Binding studies using iodinated CNP showed that it binds with
high affinity to two different receptors in plasma membranes of
rectal gland. One type of receptor binds the low molecular weight
clearance-receptor specific peptide. The other receptor also binds
BNP but with low affinity. These results suggest that the rectal
gland has two C-type natriuretic peptide receptors, a clearance
receptor and a guanylate cyclase-linked GC-B type receptor [36].
Measurements of guanylate cyclase activity demonstrate that CNP
is a potent stimulator of the enzyme while ANP and BNP have
little or no effect [36]. Based on the capacity of CNP, ANP and
BNP to stimulate the secretion of chloride by the rectal gland,
their binding characteristics, and the order of potency in stimu-
lating guanylate cyclase, the receptor for CNP in the rectal gland
appears to be the GC-B receptor.
Other peptides. The rectal gland of the European dogfish shark
Scyliorhinus canicula, like that of Squalus acanthias, is stimulated
by dibutyryl cAMP plus 3-iso-butyl-1-methylxanthine, suggesting
that its rectal gland is also under hormonal control. Experiments
in Scyliorhinus canicula, however, have shown that VIP does not
stimulate the secretion of chloride [37, 38]. Instead, in Scyliorhinus
canicula, rectal gland secretion can be stimulated in this species by
a peptide material isolated from the intestine, originally termed
rectin [39]. This peptide has recently been identified as scyliorhi-
nm II [38], is an 18 amino acid cyclic peptide by virtue of two
cystine residues, and has no homology to VIP.
Inhibitors of chloride secretion
Present in nerves within the rectal gland are a number of
neurotransmitters in addition to VIP. These include somatostatin,
bombesin, serotonin, cholecystokinin, catecholamines, enkepha-
lins, and neuropeptide Y. A role in the secretion of chloride by the
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rectal gland has been identified for some of these neurotransmit-
ters.
Somatostatin. Somatostatin inhibits the secretion of chloride by
the gland [40], Somatostatin inhibits the generation of cyclic AMP
in response to VIP and also inhibits the stimulation of the
secretion of chloride induced by other secretagogues, adenosine,
forskolin, and dibutyryl cAMP. Thus, somatostatin exerts its
inhibitory effects both on adenylyl cyclase and on a distal site
beyond the generation of cAMP [401.
Bombesin. Bombesin also inhibits the secretion of chloride
stimulated either by VIP or dibutyryl cAMP plus theophylline
[41]. The inhibitory effect of bombesin is therefore very similar to
that of somatostatin. In fact, maneuvers that deplete somatostatin
stores as well as those that prevent neurotransmitter release
prevent the inhibitory effect of bombesin. Moreover, bombesin
causes the release of somatostatin from nerves within the gland.
The inhibitory effect of bombesin thus appears to be mediated by
somatostatin. This provides another example of a peptide hor-
mone agent that exerts its effect in the rectal gland by inducing the
release of a neurotransmitter from nerves within the gland and
also illustrates the potential complexity of regulation where
stirnulators and inhibitors coexist in nerves within the gland.
Neuropeptide Y. Neuropeptide Y, another peptide present in
the rectal gland, also has an inhibitory effect on chloride secretion
[421. The inhibitory effect of neuropeptide Y is exerted at a site
distal to adenylyl cyclase because it inhibits the stimulatory effects
not only of VIP, forskolin, but also of dibutyryl cAMP plus
theophylline. Neuropeptide Y has no effect on rectal gland
adenylyl cyclase in vitro. The effect of neuropeptide Y is not
prevented by maneuvers that impede neurotransmitter release
and it can be demonstrated in isolated cells [42]. Therefore, the
inhibition appears to be exerted directly on the rectal gland cell.
Cholecystokinin. Another neurotransmitter present in the rectal
gland, cholecystokinin, also inhibits stimulated chloride secretion,
but its mechanism of action has not been studied [43].
Second messengers involved in hormonal stimulation of the
secretion of chloride
The finding that dibutyryl cyclic AMP and theophylline stimu-
lated the secretion of chloride by the rectal gland was the
observation that started the search for a hormone [5]. VIP was
later found to stimulate adenylyl cyclase in the rectal gland [16].
Adenosine also stimulates adenylyl cyclase in the rectal gland [44].
Cyclic AMP dependent protein kinases have also been demon-
strated in the rectal gland [45].
Natriuretic peptides stimulate guanylate cyclase, and guanylate
cyclase is also present in rectal gland tissue [36]. However,
perfusion of isolated rectal glands with 8-Br, cyclic GMP does not
stimulate chloride secretion [27], even at high concentrations
(unpublished observations). In some experiments [46], but not in
others (Silva P. et al, unpublished observations) exogenous cGMP
stimulated short-circuit current in cultured rectal gland cells.
Thus, the intracellular role for cGMP remains to be elucidated.
In unpublished experiments we have identified inositol mono-,
di- and triphosphate in the shark rectal gland suggesting that the
inositol triphosphate pathway is present. Recently, Ecay and
Valentich showed that VIP stimulates inositol release in cultured
rectal gland cells grown in suspension [47]. Brand et al confirmed
that VIP activates the inositol phosphate pathway showing that it
activates phospholipase C in plasma membranes of shark rectal
gland [481. These authors also showed that 2-chloro adenosine
activated phospholipase C, but they were unable to demonstrate
an effect of ANP on phospholipase C. Simultaneously, Ecay and
Valentich, found that rANP I and III increased the levels of
inositol phosphates [47]. More recently Feero and Valentich have
found that phorbol myristate acetate increased the short circuit
current in cultured rectal gland cells grown to confluence [49].
The same group reported that ionomycin also stimulates short
circuit-current. However, in the isolated perfused rectal gland
neither phorbol myristate acetate nor oleyl acetyl glycerol had any
effect on chloride secretion. In this preparation ionomycin was
found to collapse the transepithelial gradient for chloride and
sodium, suggesting that it increases the luminal permeability in a
non-specific fashion and so damages the cell [50]. The specific role
of the inositol pathway on the secretion of chloride by the rectal
gland remains to be determined.
Conclusions
Over the past few decades, the rectal gland has provided the
opportunity to elucidate various steps in the transepithelial trans-
port of chloride and their application to many different epithelia,
from the amphibian cornea to the mammalian kidney. The
uniformity of its cell population, the abundance of transport
proteins, and the variety of investigative preparations that can be
utilized provide a unique opportunity to examine the nature of
active chloride transport. Na-K-ATPase purified from this gland
was used to link for the first time the biochemical activity of the
enzyme with its transport properties; the sodium:potassium:2
chloride cotransporter was first described in membrane vesicles
from this gland; the sodium:potassium:2 chloride cotransporter
was first cloned from this gland; to name a few notable observa-
tions.
Stimulation of the gland appears to be a complex sequence in
which CNP, released from the heart in response to volume
expansion, causes the release of VIP from nerves within the gland
and together with VIP activates the rectal gland cell, The inhibi-
tion of the secretion of chloride by the gland provides further
insights into the intricacies of its regulation. A number of peptide
neurotransmitters present in the nerves within the gland as well as
adenosine, released from the gland cells during activation, reduce
the activity of the gland by acting either directly or indirectly
through another neurotransmitter. The complex intracellular sig-
naling mechanism that participate in the regulation of transport
remain to be fully elucidated.
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